Proton imaging is a recently proposed technique for diagnosis of dense plasmas, which favourably exploits the properties of protons produced by high-intensity laser-matter interaction. The technique allows the distribution of electric fields in plasmas and around laser-irradiated targets to be explored for the first time with high temporal and spatial resolution. This leads to the possibility of investigating as yet unexplored physical issues. In particular we will present measurements of transient electric fields in laser-plasmas and around laserirradiated targets under various interaction conditions. Complex electric field structures have been observed in long-scale laser-produced plasmas, while global target charge-up and growth of electromagnetic instabilities have been detected following ultraintense interactions with solid targets.
Introduction
During the interaction of ultraintense laser pulses with plasmas and solid targets, a considerable fraction of the laser energy is deposited into highly energetic charged particles. One of the most exciting results recently obtained in this area of research is the observation of very energetic beams of protons, generated during the interaction of ultraintense short pulses with solid targets. In a number of experiments, performed with different laser systems and in different interaction conditions, protons with energies up to several tens of MeV have been detected behind thin foils irradiated with high-intensity pulses [1] [2] [3] . In these experiments it was seen that the particle beams are directed along the normal to the back surface of the target, and have a small angular aperture at the highest energies. As proton beams are observed even using targets which nominally do not contain hydrogen, protons are thought to originate from hydrocarbon impurities located on the target surfaces [4] or from bulk contamination of the target. Proposed theoretical models indicate that the protons gain their energy from the enormous electric field (∼MV/micron) set up by laser-accelerated fast electrons via space-charge at the back target surface [5] . As protons are easier to accelerate than heavier ions, protons will be the dominant component of the ion emission [6, 7] .
The particular properties of the proton beams (small source size, high degree of collimation, short duration, energy dependence on the target characteristics) make them of particular interest in view of possible applications. Among these, their use as the ignition trigger in the fast ignitor scheme has been proposed [8] . The characteristics of the proton beam make it very suitable for applications as a probe in high-density matter investigations. As a matter of fact, the use of protons as a radiographic source is an idea which has circulated for many years [9] . Applications of proton radiography have been proposed in the biomedical area [10] or in testing of thick systems [11] . Linear or cyclotron accelerators are used to obtain the proton energies required for these applications. Laser-produced proton beams represent a feasible alternative with enormous potential when high spatial/temporal resolution is required.
A particularly interesting application of laser-produced proton beams is the detection of electric and magnetic fields generated during the interaction of intense laser pulses with high-density plasmas. In this context, proton imaging can be developed as a diagnostic with great potential for inertial confinement fusion (ICF) studies. For example, the possibility of accessing directly electric field distributions in dense plasmas may shed new light on issues as hydrodynamic and electromagnetic instabilities highly detrimental for ICF. The technique has great potential for access to the complex and yet unexplored electric and magnetic field distributions in indirect drive target assemblies [12] . In a fast ignitor context, it will contribute to the study of the large transient electric and magnetic fields generated in high-intensity lasermatter interactions. The magnitude and characteristics of these fields are currently the subject of much conjecture in the short-pulse, high-intensity plasma physics community.
In this paper the results of a series of experiments performed at the Rutherford Appleton Laboratory will be presented and discussed, in which the proton source has been applied for the first time as a particle probe in a range of laser-plasma interaction conditions.
Experimental set-up
The Vulcan Nd : glass laser [13] operating in the chirped pulse amplification (CPA) mode was used in the experiment. The main targets (used for the production of the proton beams) were Al foils, 1-2 mm wide and 3-25 µm thick. The 1.054 µm CPA interaction pulse, 1 ps in duration, with energy up to 100 J was focused by an f /3.5 off-axis parabola (OAP) onto the centre of the main target. The incidence was about 15
• off normal. There was the possibility, exploited in the final part of the experimental campaign, of splitting the main CPA pulse into two separate high-intensity pulses, and to focus them employing two separate f /3.5 OAPs. The focal spot varied between 8 and 10 µm diameter at full width at half maximum (FWHM), containing 30-40% of the energy, and giving intensities up to 5-7 × 10 19 W cm −2 . Heating pulses with duration 0.5-1 ns were also available, and were used to provide, in some parts of the experiment, intensities on target in the range 10 13 -10 15 W cm −2 . A low-energy fraction of the main CPA pulse was frequency quadrupled and used as a transverse optical probe pulse.
A summary description of the beam arrangements used in the various experimental tests performed will be given at the beginning of each experimental section. The detector employed in the whole campaign consisted of a stack of several layers of radiochromic (RC) film. As shown in figure 1(a) , the film consists of 270 µm thick plastic containing a double layer of organic dye, which reacts to ionizing radiation [14] . The equivalent dose of energetic protons stopped in the film can be measured from the changes in optical density undergone by the film, yielding information on the number and energy of the protons. By using them in a stack, each layer of film acts as a filter for the following layers. Since protons deposit energy mainly in the Bragg peak at the end of their range, each RC film layer spectrally selects a narrow range of proton energies. Plastic track detectors [15] were also used in some occasions to confirm that the structures observed were due to protons and not to electrons or x-rays to which the RC film is also sensitive. Al filters (25-50 µm) were placed in front of the first layer of film giving a minimum detectable proton energy of about 3 MeV. Al and C ions from the target are stopped by the Al filter and the first RC layer and do not contribute to the signal observed in the successive layers [1] .
Proton beams and proton imaging
The laser-produced proton beam was characterized in view of its application as a particle beam probe. The protons were produced by focusing the CPA pulse onto the Al foil, and detected by placing the RC film stack at the back of the target, typically at a distance of about 2 cm. It was found that the proton beams have high brightness, typically with 10 12 protons with energy above 3 MeV per shot (at a laser irradiance of the order of 5 × 10 19 W cm −2 ). As observed in previous experiments, the beams were highly directional, propagating along the normal to the back surface of the target with small angular divergence (about 15
• for 10 MeV protons). The response of each RCF layer to high-energy protons has been determined using Monte Carlo modelling of the deposited energy by the particles. A strong proton signal was observed out to the layer corresponding to proton energy just above 20 MeV. The energy deposited within each film layer can be extracted from the absolutely calibrated film. By doing this for each film layer and fitting an exponential energy spectrum, an estimate of the proton energy spectrum and total energy can be extracted from the film data [16] . The mean proton energy of the exponential fit is 3.75 ± 0.3 MeV with a total energy of 2.2 J in an equivalent Maxwellian with a temperature of 2.5 MeV. During the experiments the source size of the proton beam was estimated using a penumbral edge method, setting an upper limit of 15-20 µm diameter for the source of 10 MeV protons.
As should be clear, there are several reasons which make laser-produced proton beams very interesting for probing applications. Among these are: the small source size, leading to high spatial resolution in imaging applications; the short pulse duration, measured to be a few ps in our conditions; the low divergence and high brightness of the beam; and the long stopping range of 10-30 MeV protons, i.e. the possibility of penetrating reasonably thick objects. In addition, high spatial and spectral resolution is guaranteed by an appropriate choice of detector (e.g. RCF stacks), and the proton beam characteristics can be tuned by suitably changing the laser and target parameters. The temporal resolution obtainable with these beams is far beyond the possibilities of beams provided by conventional accelerators. Further, as will be seen in the following sections, the fact that the beams are not monochromatic is far from being a disadvantage for the proposed applications. Finally their ease of use and synchronization is a clear advantage in laser-plasma and inertial confinement fusion related experiments; the fact that, being charged, they can be used for diagnosing electric and magnetic fields makes proton beam probing an interesting alternative to more established techniques as x-ray probing.
Due to the small size of the source, we were able to implement a scheme of point projection imaging, with the object placed between the proton source (i.e. the back side of the primary target) and the detector. The magnification of the image was simply determined by the ratio of the detector-to-object and object-to-source distances. In general, the intensity distribution cross-section of the proton beam is modified both by collisional stopping/scattering, and by deflections due to electric and magnetic fields. However, as will be seen in the following sections, significant changes in the proton beam were even observed in underdense plasmas and very thin targets, where collisional stopping of the multi-MeV protons could be excluded since the aerial density of the target was orders of magnitude smaller than the stopping range for the protons used. Under these conditions, proton imaging appears as a powerful and unique technique for the direct detection of electric and magnetic fields distribution in laser-irradiated targets and plasmas. Depending on the target and irradiation geometry employed, it can be made more sensitive to the detection of electric rather than magnetic fields. Three-dimensional particle-in-cell simulations performed by Dr H Ruhl (MBI-Berlin) have studied the propagation of proton beams through plasmas, [17] and have confirmed that electric fields structures present in the plasma (as for example those associated with small-scale density non-uniformities) can indeed be imprinted on the proton beam intensity profile.
Imaging of cold solid objects
When thick solid obstacles were placed in the beam, a shadow of the object was observed in the proton beam due to collisional stopping in the target. However, as mentioned above, a shadow was observed even when objects with a thickness much smaller than the proton penetration depth were used, e.g. a mesh formed by 10 µm Cu wires with 25 µm spacing, or by 25 µm Cu wires with 100 µm spacing. The set-up for this particular test is depicted in figure 2(a) . The mesh was parallel to the main target, i.e. perpendicular to the proton beam. The distance between the proton source and the mesh was 1 mm, while the first of the radiochromic film layers was positioned at 22 mm from the source.
A shadow of the mesh was observed on the radiochromic film, as shown in figure 2(b) . The image shown in the picture has been obtained with 15 MeV protons and the 25 µm spacing mesh. The shadow of the wires can be observed clearly, the contrast of the picture being quite sharp. Cu is just E/E ∼ 2 × 10 −4 . Such a variation is too small to produce any detectable effect on our diagnostic. Under these conditions scattering is also unimportant; therefore the shadow observed must be due to some different effect. Our present explanation is that the mesh charges up positively, due, for example, to hot electrons preceding the proton beam and expelling cold electrons from the target. The deflection of the protons due to the electric field in the proximity of the wires is then responsible for the creation of the mesh shadow on the detector, where pile-up of the deflected protons is observed beside the regions of minimum transmission. An estimate of the linear charge on the mesh can be obtained via particle tracing, giving λ ∼ 10 −6 C m −1 .
Imaging of laser-produced plasmas
The sensitivity of the proton beam to electric fields, demonstrated in the measurements reported in the previous section, makes proton imaging a valid and unique diagnostic for investigating electric field distributions inside plasmas. The diagnostic potential of this application was tested in part of our experimental campaign. A preformed plasma was created by irradiating a secondary target with 600 ps, 0.527 µm heating pulses, prior to the CPA pulse interaction with the primary target. The experimental set-up for this part of the experiment is shown in figure 3 . As shown in the figure, both face-on and side-on geometry was used. When using face-on geometry, transverse optical probing of the preformed plasma could also be performed. The proton beam was produced as usual from a 25 µm Al foil, and the secondary target also consisted of a 25 µm Al foil. The heating irradiance on target varied between 5 × 10 13 and 10 15 W cm −2 , with typical delays between the plasma formation and the CPA interaction with the primary target in the range 200-800 ps. When no preformed plasma was produced onto the secondary Al foil, the proton beam was, as expected, unperturbed, except for some charging-up-induced deflection at the edge of the foil. When the secondary foil was laser-heated the situation changed, and, under certain conditions, the presence of the plasma perturbed significantly the intensity distribution of the proton beam. Most importantly, the perturbations imposed on the intensity profile of the proton beam appeared to depend strongly on the plasma conditions. As a matter of fact, changing the irradiation parameters led to striking differences in the modulation pattern superimposed onto the proton beam. An example of this is given in figure 4 , where the RC film images pertaining to different irradiation conditions are shown. The structures observed differ markedly between the case in which no beam smoothing is applied to the beam, and the case in which phase zone plates (PZP) [18] , producing an ordered hot spot structure in the focal spot profile, are employed. In particular, side-on images indicate clearly the presence of chaotic structures in the former case, while a regular pattern is observed in the latter. In all cases these structures were only observed within the duration of the heating pulse, and disappeared at later times. We believe that these structures are imprinted by electric fields present inside the plasma, which are strictly related to the laser intensity distribution. Detailed analysis and modelling is ongoing.
Imaging of ultraintense interactions
In part of the experimental campaign, proton imaging was applied to the study of ultraintense laser-plasma interactions. These measurements took advantage of the unique possibility of employing two temporally and spatially independent high-power CPA pulses. The second pulse (CPA 2 ) was split off the main pulse (CPA 1 ) before amplification. Due to set-up constraints, the energy content of each pulse was about 20 J, focusable to intensities in the range 0.5-1.0 × 10 19 W cm 2 . The temporal separation of the two pulses could be varied shotto-shot. The two beams were focused from different directions, as shown in figure 5(a) , with separate f /3.5 optics. The CPA 2 pulse was used to produce a proton beam from an Al foil, and the proton beam was used to probe the interaction of the CPA 1 pulse with solid targets.
It should be noted here that, when probing an object undergoing fast changes, the fact that the proton beams are not monochromatic is actually an advantage, as it can be exploited to obtain, in a single shot, information on the temporal history of the object to be probed. In fact, if the object to be probed is situated at a finite distance from the source, protons with different energies will reach the object at different times. By employing a detector that performs spectral selection, the information on the temporal evolution of the target can be retained. This is shown in the plot of figure 5(b) , where the time of arrival on target of the protons produced on the Al foil is plotted versus the RC film layer number (i.e. versus their energy). As can be seen, the presence of the double active layer in each RC film causes a temporal indetermination which is larger for the first RC layers, but can be removed by mechanically separating the two gel layers after data collection. In particular, proton imaging was employed to observe the fast evolution of the electric fields following the irradiation of solid targets (wires, foils and micro-balloons) with the CPA 1 pulse. In figure 6 proton images taken (in a single shot) after ultraintense irradiation of a 150 µm glass micro-balloon are shown. The original size and position of the target are indicated by the black circle in figure 6(c) . Detailed analysis is currently in progress, but some striking features are immediately apparent by simply looking at the data. First of all, in coincidence with the interaction, a shadow, much larger than the target, appears in the image, meaning that the protons are deflected away from the target surface. By matching the deflection to the calculated deflection for protons propagating in a Coulomb field, we could obtain a quantitative measurement of positive whole target charge-up due to the expulsion of fast electrons during the interaction. A rapid discharge was subsequently observed, with a time scale of a few tens of picoseconds. Beside whole target charge-up, other interesting features were seen to develop after the interaction. Among these, the onset of filamentary structures at the target surface after the interaction was observed. The filamentary structures are observed tens of picoseconds after the interaction, and appear as striations extending outwards along the normal to the target surface, even far away from the interaction region. This is clear in figure 6(b) , where the filaments start to appear, and in figure 6(c), where they have fully grown. In figure 6 (c) the filaments are seen both side-on and face-on (as a speckled pattern inside the shadow). The transverse wavelength of the modulation is of a few tens of microns and is more or less constant over the whole field of observation.
The observations seem to be consistent with the growth, at the surface of the target, of an electromagnetic heat-flow instability [19] , such as for example the electro-thermal instability [20] . The instability causes filamentation of the hot current, and as the filaments are magnetized, the effect is imprinted on the proton beam via the radial electric fields present inside the filaments.
Conclusions
Proton imaging is a diagnostic with enormous potential for the investigation of fundamental plasma physics problems which were impossible to explore up to now. By using this diagnostic, for the first time the measurement of transient electric fields in dense plasmas has been obtained, determining their evolution on a picosecond scale with micrometric spatial resolution. The data is of great relevance to inertial confinement fusion both in the conventional and fast ignitor approach. While in the simpler configurations, quantitative information can readily be obtained from the data, the interpretation of the most complex structures may require a combination of hydrodynamic, particle-in-cell and particle tracing simulations in order to entangle the field distribution in the plasma. Detailed analysis and modelling is presently ongoing.
